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Mental functions involve coordinated activities of specific neuronal ensembles that are
embedded in complex brain circuits. Aberrant neuronal ensemble dynamics is thought
to form the neurobiological basis of mental disorders. A major challenge in mental
health research is to identify these cellular ensembles and determine what molecular
mechanisms constrain their emergence and consolidation during development and
learning. Here, we provide a perspective based on recent studies that use activity-
dependent gene Arc/Arg3.1 as a cellular marker to identify neuronal ensembles and
a molecular probe to modulate circuit functions. These studies have demonstrated that
the transcription of Arc is activated in selective groups of frontal cortical neurons in
response to specific behavioral tasks. Arc expression regulates the persistent firing
of individual neurons and predicts the consolidation of neuronal ensembles during
repeated learning. Therefore, the Arc pathway represents a prototypical example of
activity-dependent genetic feedback regulation of neuronal ensembles. The activation of
this pathway in the frontal cortex starts during early postnatal development and requires
dopaminergic (DA) input. Conversely, genetic disruption of Arc leads to a hypoactive
mesofrontal dopamine circuit and its related cognitive deficit. This mutual interaction
suggests an auto-regulatory mechanism to amplify the impact of neuromodulators
and activity-regulated genes during postnatal development. Such a mechanism may
contribute to the association of mutations in dopamine and Arc pathways with
neurodevelopmental psychiatric disorders. As the mesofrontal dopamine circuit shows
extensive activity-dependent developmental plasticity, activity-guided modulation of DA
projections or Arc ensembles during development may help to repair circuit deficits
related to neuropsychiatric disorders.
Keywords: activity-dependent genetic feedback, neuronal ensembles, neuromodulation, dopamine, Arc/Arg3.1,
frontal cortical circuits, learning, development
INTRODUCTION
Mental functions involve coordinated activities among specific groups of neurons, or
neuronal ensembles, that are embedded in complex brain circuits (Hebb, 1949; Harris
and Shepherd, 2015). The intrinsic excitability, synaptic connectivity and neuromodulatory
inputs of individual neurons constrain the dynamic flow of neural activity in these ensembles
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(Bargmann and Marder, 2013; Buzsáki and Mizuseki, 2014;
Gjorgjieva et al., 2016). Lack of normal constraints in neural
dynamics is considered to form the neurobiological basis of
mental disorders (Rolls et al., 2008; Akil et al., 2010; Deisseroth,
2014). The configurations of neuronal ensembles are established
under genetic instruction during development and modified by
postnatal experience and activity (Sur and Rubenstein, 2005;
Takesian and Hensch, 2013; Josselyn et al., 2015; Tonegawa et al.,
2015). Although human genetic studies of neurodevelopmental
psychiatric disorders have implicated hundreds of risk genes,
linking these genes and the molecular events they regulate
within the cell to disorders at the behavioral level is a major
challenge (Krystal and State, 2014; Mullins et al., 2016). A critical
barrier arises from the difficulty of identifying specific neuronal
ensembles that transduce the impact of genetic perturbations into
behavioral consequences.
To identify functional neuronal ensembles embedded in
complex circuits, electrophysiological approaches typically look
for correlated activation that often occurs in small subsets
of neurons scattered throughout the brain volume (Buzsáki
and Mizuseki, 2014). Separating these particular neuronal
populations for selective functional dissection and manipulation
is not straightforward. Although molecular genetic studies have
been able to define certain cell types by identifying their
static gene expression signatures, such signatures often do not
differentiate excitatory neuronal ensembles that are detected
according to functional criteria (Huang, 2014; Angelakos and
Abel, 2015).
To bridge the gap between traditional molecular genetic
and neurophysiological approaches, neural activity-induced
gene expression patterns have been used to identify functional
ensembles (Guzowski et al., 2005; Barth, 2007). These inducible
immediate early genes (IEGs) include both transcription
factors and synaptic molecules, such as c-Fos and Arc/Arg3.1,
respectively (Greenberg et al., 1986; Link et al., 1995; Lyford
et al., 1995). Initially, there were concerns in this field that
the induction of these genes might only reflect metabolic
activation or general arousal, but not carry any stimulus-
specific information at the cellular level. However, by
analyzing in situ the subcellular localization of induced Arc
mRNA over minutes (Guzowski et al., 1999) or tracking
in vivo an Arc-promoter-driven fluorescent reporter over
days (Wang et al., 2006), it became apparent that different
natural stimuli induce Arc gene expression in distinct
groups of neurons in the hippocampus or visual cortex,
demonstrating the functional specificity of Arc-expressing
neuronal ensembles.
Unlike some other IEGs that are broadly expressed in many
different cell types, Arc is selectively induced in groups of
telencephalic projection neurons under physiological conditions
(Vazdarjanova et al., 2006). Furthermore, Arc interacts with
excitatory postsynaptic receptors and adaptors, and plays a
more direct role in regulating synaptic functions (Chowdhury
et al., 2006; Zhang et al., 2015). Recent large scale human
genetic studies have shown that disruptive mutations affecting
Arc-interacting postsynaptic complex are selectively enriched in
neurodevelopmental psychiatric disorders such as schizophrenia
(Kirov et al., 2012; Fromer et al., 2014; Purcell et al., 2014). Arc
chromosomalmicrodeletion and intragenic polymorphisms have
been found in these disorders, and reduced expression of Arc
mRNA has been detected in the frontal cortex of schizophrenia
patients (Guillozet-Bongaarts et al., 2014; Hu et al., 2015;
Huentelman et al., 2015). These studies suggest the involvement
of the Arc pathway in processes associated with psychiatric
disorders.
Examining Arc activation dynamics in brain regions vital to
behavior will provide the important context for its role in brain
function and disease. The frontal cortex plays a crucial role in
behavioral control, and its dysfunction is widely implicated in
neuropsychiatric disorders (Fuster, 2001; Robbins and Arnsten,
2009; Insel, 2010). Although the mouse frontal cortex is simpler
than that of the primate, it contains evolutionarily conserved
circuit architecture for top-down control of somatomotor
and visceromotor functions, including convergent multisensory
inputs, recurrent local connections and strong dopaminergic
(DA) neuromodulation (Wise, 2008; Van De Werd et al., 2010;
Oh et al., 2014). However, how the neuronal ensembles in the
mouse frontal cortex are selected and consolidated for specific
information processing tasks remains an unresolved issue. In this
article, we provide our perspective through a series of recent
studies on frontal cortical circuits which used Arc as a cellular
marker to track active neuronal ensembles, and as a molecular
probe to modulate neuronal function and behavior.
Arc REGULATES THE EMERGENCE
OF PERSISTENT FIRING PATTERNS
IN FRONTAL CORTICAL NEURONS
Motor skill learning engages coordinated activity of neuronal
ensembles in the frontal cortex. Different motor behaviors
recruit distinct active ensembles, and these ensembles become
consolidated with repeated motor learning (Nicolelis and
Lebedev, 2009; Dayan and Cohen, 2011; Shmuelof and Krakauer,
2011). During this consolidation process, task-related activities
in neurons are either retained or dismissed, in correlation with
the animal’s acquisition of motor skills (Costa et al., 2004; Huber
et al., 2012; Peters et al., 2014). However, little is known about
the molecular and cellular mechanisms by which those learning-
related firing changes are regulated.
Using a rotarod motor learning task in mice, we examined the
effects of prior training on Arc expression and neuronal firing
properties (Ren et al., 2014; Figures 1A,B). By imaging an Arc-
promoter-driven GFP reporter, we found that motor training
induces Arc expression in about 1/3 of excitatory neurons, which
are defined by the expression of cortical glutamatergic excitatory
neuron marker calcium/calmodulin-dependent protein kinase
II alpha (CaMKIIα; Vazdarjanova et al., 2006). We then used
fluorescence-guided patch-clamp recording to measure the firing
properties of these neurons in ex vivo frontal cortical slices. To
mimic the physiological environment conducive for neuronal
firing in intact frontal cortex, a low concentration of agonists for
the NMDA-type glutamate receptor (NMDAR) and dopamine-
D1-type receptor (D1R) were included in the slice medium
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FIGURE 1 | Arc expression identifies neurons with persistent firing properties and predicts the consolidation of neuronal ensembles in frontal cortex
during learning. (A) Fast motor learning occurs between early and late trials (separated by approximately 1 h) of a training session in the rotarod task. (B) Arc
expression is induced by motor training in a subset of frontal cortical neurons and NMDA-type glutamate receptor (NMDAR)-mediated persistent firing patterns
emerge in this neuronal ensemble. (C) Slow motor learning is indicated by performance improvement between early trials conducted on multiple days. (D) Repeated
in vivo imaging of frontal cortex during multiday rotarod training reveals the consolidation of Arc-expressing neuronal ensembles. (E) Neurons with relatively weak
initial Arc activation are more likely to be dismissed from the ensemble, whereas neurons with relatively strong initial Arc activation are more likely to be retained
(Figures are modified with permission from Ren et al., 2014; Cao et al., 2015).
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(Seamans and Yang, 2004; Tseng and O’Donnell, 2005; Stewart
and Plenz, 2006; Durstewitz and Gabriel, 2007). We found that
Arc-GFP+ neurons from motor-trained mice exhibit sustained
depolarization and persistent firing, in striking contrast to the
Arc-GFP- neurons from the same mice or neurons from the
untrained mice (Ren et al., 2014). These results demonstrate
that motor training induces Arc expression in a subset of
frontal neurons, and that persistent firing patterns emerge in this
neuronal ensemble.
What is Arc’s role in persistent neuronal firing? In mice
carrying a genetic deletion of the Arc protein, frontal cortical
neurons show training-dependent activation of Arc-promoter,
but the level of persistent firing in these neurons is greatly
diminished, suggesting that the induction of training-related
persistent firing depends on Arc. The emergence of persistent
firing in Arc-expressing neurons requires NMDAR activity and
is associated with Arc-dependent enhancement of NMDAR
function, but not changes in intrinsic membrane excitability
or AMPA-type glutamate receptor (AMPAR) function (Ren
et al., 2014). These findings therefore reveal a new role of
Arc distinct from its previously known effect on AMPAR
trafficking (Rial Verde et al., 2006; Shepherd et al., 2006;
McCurry et al., 2010; Jakkamsetti et al., 2013). The frequency of
NMDAR-dependent miniature excitatory postsynaptic currents
and the amplitude of NMDA-evoked currents are increased
in Arc-expressing frontal cortical neurons (Ren et al., 2014),
suggesting a greater number of synapses enriched for NMDARs
in these neurons. A recent biochemical study has reported that
the crystal structures of Arc subdomains are similar to retroviral
Gag protein and provided the molecular basis of Arc binding
to NMDARs, including NR2A and NR2B, as well as several
other postsynaptic proteins (Zhang et al., 2015). The mechanistic
details underlying Arc-dependent regulation of NMDA receptors
will be an interesting topic for future studies. Together, current
findings suggest an Arc-dependent molecular pathway by
which motor training promotes the emergence of NMDAR-
mediated persistent firing patterns in specific frontal neuronal
ensembles.
Arc EXPRESSION PREDICTS THE
CONSOLIDATION OF NEURONAL
ENSEMBLES DURING MOTOR LEARNING
At the behavioral level, motor learning typically occurs in two
stages (Figures 1A,C). Fast motor learning in the accelerating
rotarod task is indicated by enhanced performance in late trials
compared to early trials (separated by approximately an hour) on
a single day; slow motor learning is characterized by improved
performance in early trials conducted over several days (Buitrago
et al., 2004; Farr et al., 2006; Rothwell et al., 2014). In Arc
knockout mice, although fast motor learning still occurs, slow
motor learning is disrupted (Ren et al., 2014; Cao et al., 2015).
These results led us to examine further the expression patterns of
Arc over the time course of slow motor learning.
By using in vivo two photon imaging of Arc-GFP mice
(Cao et al., 2013), we tracked the expression of Arc in the
same sets of neurons in the same frontal cortical region (M2)
over multiple days of rotarod training (Cao et al., 2015). Arc
expression is repeatedly induced by daily training session and
decays back to the baseline level within a day. The activation
patterns of individual neurons over 3 days of rotarod training can
be represented by a 3-digit binary string with a ‘‘1’’ (activated)
or ‘‘0’’ (not activated) on each day (Figure 1D). Compared to
a random daily activation model, there is a selective increase
of neurons in the ‘‘111’’ and ‘‘100’’ categories, at the expense
of ‘‘101’’ and ‘‘110’’ categories. Consequently, the neurons
activated by the initial rotarod training are predominantly
consolidated into a persistently retained ensemble (‘‘111’’) in
motor learning.
Are Arc-expressing neurons consolidated in a task-specific
manner? By comparing the rotarod learning task with a free
wheel-running task, it was found that Arc activation patterns
under the same motor task are much more predictable than
that between the different motor tasks, suggesting task-specific
activation of Arc ensembles (Cao et al., 2015). During rotarod
training, the day-2 Arc activation pattern is more effective than
that on day-1 in predicting the reactivation pattern on day 3.
This increased predictive effect is specific for rotarod learning,
but not seen under free wheel-running conditions or in the home
cage, suggesting that Arc-expressing neuronal ensembles are
specifically consolidated during motor learning. In Arc knockout
mice, the predictive effect of Arc-promoter activation does not
increase on the second day of rotarod training compared to the
first day, suggesting that the consolidation of neuronal ensembles
is impaired in the absence of Arc function.
Moreover, during ensemble consolidation, the initial intensity
of Arc expression predicts a neuron’s probability of being
retained or dismissed (Cao et al., 2015). Neurons with initially
weak Arc activation aremore likely dismissed from the ensemble.
In contrast, neurons with initially strong Arc activation are more
likely retained (Figure 1E). Thus, these studies identify Arc as a
key gene that underscores functional ensembles activated in the
frontal cortex and predicts cellular participation in the ensemble
consolidation process over the course of motor learning (Ren
et al., 2014; Cao et al., 2015). Supporting the importance of
Arc ensembles in motor learning, a recent study has reported
that by disrupting the synaptic connections of Arc-expressing
neurons in the frontal cortex, newly acquired motor skills can
be selectively erased (Hayashi-Takagi et al., 2015). Arc appears
to provide a genetic foothold in frontal cortical neurons, and
facilitates functional prediction and mechanistic dissection of
neuronal ensembles.
DOPAMINE IS REQUIRED FOR THE
AMPLIFICATION OF
ACTIVITY-DEPENDENT Arc EXPRESSION
IN DEVELOPMENT
The studies discussed above examined the induction and
function of Arc over several days of rotarod learning in adult
mice. During the postnatal development of mice, other salient
behavioral events may occur. How does Arc expression in frontal
cortex change during normal development? Using quantitative
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FIGURE 2 | Mutual interaction between activity-dependent gene expression and dopaminergic (DA) circuit in the frontal cortex. (A) Arc gene expression
in the frontal cortex is sharply amplified when mouse pups open their eyes for the first time during early postnatal development (top). DA input through D1-type
receptors (D1R) is required for the activity-dependent amplification of Arc and a list of other IEGs (bottom). (B) In vivo imaging of genetically encoded calcium
indicators in the frontal cortex revealed that ventral tegmentum area (VTA) stimulation-evoked activity is significantly reduced in Arc knockout mice (Arc-/-) in
comparison to wild-type mice. (C) Phasic activation of dopamine neurons in adolescence promotes the formation of mesofrontal DA axonal boutons.
(D) A conceptual model showing the hierarchical nesting of regulatory dynamics across multiple time scales and biological levels. Mathematically, the coupling
between fast and slow dynamics can be represented by pairs of differential equations: (i) dx/dt = f(x, y); (ii) dy/dt = µg(x, y) where x describes the state of the fast
subsystem, y describes the state of the slow subsystem, f and g are functions of the subsystems, and µ 1 is the ratio of time scales (Izhikevich, 2007). The slower
processes in the hierarchy integrate the faster dynamics and reach threshold for activation gradually. But once activated, the effects of slower processes persist
longer and modulate the amplitude of the faster dynamics (Figures are modified with permission from Mastwal et al., 2014; Managò et al., 2016; Ye et al., 2016).
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RNA analysis to map the developmental profile of Arc expression
in mice, we found that when mouse pups open their eyes for
the first time near the end of the second postnatal week, Arc
mRNA levels in the frontal cortex rise sharply (Ye et al., 2016;
Figure 2A). As we suspected, visual stimuli are required to induce
the amplification of Arc mRNA at this age. Less expected is our
finding that, before eye-opening, electrical neural stimulation
alone—applied to see whether lack of neuronal stimulationmight
account for the absence of Arc mRNA at this age—is insufficient
to amplify Arc mRNA in the frontal cortex.
Historically, Arc gene was first cloned from adult brain
tissue according to its strong induction in response to electrical
seizure activity (Link et al., 1995; Lyford et al., 1995). In
addition to electrical activity, Arc expression in adult brain is
also affected by several neuromodulators in a regional specific
manner (Fosnaugh et al., 1995; Pei et al., 2000; Sanders et al.,
2008; Soulé et al., 2012). The frontal cortex receives extensive
DA innervation (Verney et al., 1982; Kalsbeek et al., 1988) and
activation of dopamine D1-type receptors (D1R) can enhance
Arc transcription in adult brain (Fosnaugh et al., 1995). However,
some in vitro studies have suggested that dopamine’s role in
Arc induction is not essential. In cultured cells derived from
embryonic hippocampal or cortical tissues, electrical activation
alone appears to be sufficient to trigger Arc expression through
calcium influx fromNMDARs or voltage-gated calcium channels
(Shepherd et al., 2006; Bloomer et al., 2008). Nevertheless,
considering the anatomical and developmental origins of these
cells and their culture status, it is difficult to predict whether
DA signaling would play any role in the amplification of
Arc mRNA during early postnatal development of the frontal
cortex.
DA axons are already present in the frontal cortex in the first
postnatal week (Verney et al., 1982; Kalsbeek et al., 1988) and
their density increases significantly during subsequent postnatal
development (Ye et al., 2016). Our recent in vivo studies
demonstrate that DA signaling is required for the amplification
of Arc mRNA in response to neural activity during frontal
cortical development (Ye et al., 2016). Neurochemical lesion
of dopamine neurons in the ventral tegmentum area (VTA)
prevents the amplification of Arc expression during postnatal
development of the frontal cortex; D1R antagonist acutely
inhibits the amplification of Arc mRNA by visual experience
at the time of eye-opening on P13; and before eye-opening,
D1R activation is required to enable the amplification of Arc
expression in response to electrical stimuli. Not only for Arc, D1R
signaling is also required for the induction of a list of other IEGs
in early postnatal frontal cortex (Figure 2A). Dopamine may
affect several steps in the pathways leading to activity-dependent
gene expression, including neuronal excitability and intracellular
signaling (Seamans and Yang, 2004; Tritsch and Sabatini, 2012).
Particularly, D1R activation is known to engage cAMP and PKA
signal transduction pathway, and activation of this pathway can
enhance the level of Arc mRNA in neuronal cultures (Waltereit
et al., 2001). Together, these findings reveal an important
role of dopamine in the amplification of activity-dependent
Arc expression, and suggest that synergistic electrical and DA
activity is crucial for the establishment of normal activity-
dependent gene expression pattern during frontal cortical
development.
GENETIC DISRUPTION OF Arc CAUSES
ALTERATIONS IN THE DOPAMINE SYSTEM
AND NEUROPSYCHIATRIC DEFICITS
Perturbations of DA signaling have been associated with the
pathogenesis or treatment of neurodevelopmental psychiatric
disorders (Tritsch and Sabatini, 2012; Slifstein et al., 2015). In
parallel, Arc signaling complex has been shown as a target of
mutations in neurodevelopmental psychiatric disorders such as
schizophrenia (Fromer et al., 2014; Purcell et al., 2014; Hu et al.,
2015; Huentelman et al., 2015). Our findings on the relationship
between dopamine and Arc at an early life stage provide a novel
intersection point between two disease-associated molecular
pathways (Ye et al., 2016). But what is the functional significance
of Arc in schizophrenia-related neurobehavioral phenotypes and
brain circuits?
In collaboration with Drs. Francesco Papaleo and Daniel
Weinberger, we have conducted a broad range of behavioral
tests in Arc knockout mice (Managò et al., 2016). While Arc
genetic disruption does not affect general health and lower-level
reflexive behaviors, it causes a number of higher level behavioral
deficits consistent with schizophrenia-related phenotypes,
including deficits in sensorimotor gating, social behaviors,
cognitive functions, and amphetamine-induced psychomotor
responses. Aspects of these behaviors have been suggested
under DA regulation (Arguello and Gogos, 2006), raising the
possibility that the DA pathway might be impaired in Arc
knockout mice.
The mesofrontal DA circuit is involved in the control of
motivated behaviors and cognitive functions (Björklund and
Dunnett, 2007; Robbins and Arnsten, 2009; Luna et al., 2015).
Abnormal development of this pathway has been proposed
to contribute to several neurodevelopmental psychiatric
disorders (Chambers et al., 2003; Winterer and Weinberger,
2004; Casey et al., 2010). Particularly, human molecular
imaging studies have indicated a hypoactive frontal DA
system in schizophrenia patients (Howes and Kapur, 2009;
Slifstein et al., 2015).
In addition to schizophrenia-related behavioral phenotypes,
we found that genetic disruption of Arc in mice reduces frontal
dopamine release (Managò et al., 2016). In further support of
this finding, two-photon imaging of genetically encoded calcium
indicators in the frontal cortex revealed that VTA stimulation-
evoked activity is significantly reduced in Arc mutant mice
in comparison to wild-type mice (Figure 2B). The normal
response in wild-type mice depends on D1R activation; and
application of a D1R agonist in Arc mutant mice alleviates
their response deficiency. Together, these results suggest a
hypo-dopamine state in the frontal cortex of Arc mutant
mice, consistent with human imaging studies of schizophrenia
patients (Slifstein et al., 2015). Both the mesofrontal circuit
deficits and the cognitive dysfunctions in Arc knockout
mice were rescued by D1R agonist in the frontal cortex,
suggesting a role for Arc in regulating normal frontal DA
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neurotransmission and related cognitive behaviors. Certain
populations of excitatory neurons in the frontal cortex project
back to VTA dopamine neurons (Carr and Sesack, 2000;
Watabe-Uchida et al., 2012; Beier et al., 2015). As Arc
is abundantly expressed in cortical excitatory neurons but
not detected in midbrain dopamine neurons (Shepherd and
Bear, 2011), Arc might play a role in regulating activity-
dependent maturation of the mesofrontal circuits during
postnatal development.
ACTIVITY-DEPENDENT PLASTICITY OF
MESOFRONTAL DA CIRCUIT DURING
ADOLESCENCE
Midbrain DA neurons affect numerous brain processes via
different projections and firing patterns (Björklund and Dunnett,
2007). For example, neurons in the VTA fire in bursts to
reward-associated or motivationally salient stimuli. While VTA
DA innervation of the nucleus accumbens reaches maturity
relatively early, the projections to the frontal cortex exhibit a
more protracted maturation through adolescence (Verney et al.,
1982; Kalsbeek et al., 1988; Naneix et al., 2012).
Our recent study has shown that this development is
influenced by experience (Mastwal et al., 2014). Particularly,
voluntary wheel running behavior, which is known to stimulate
phasic firing of VTA DA neurons, promoted the formation
of boutons on mesofrontal axons in adolescent, but not adult,
mice. Moreover, this effect was mimicked by phasic, but not
tonic, optogenetic stimulation of DA neurons in the VTA
(Figure 2C). This adolescent axonal plasticity is regulated by
both DA and glutamatergic transmission. The enhancement
of dopamine bouton formation was further correlated with
sustained activation of frontal cortex following VTA stimulation
and a corresponding suppression of psychomotor response
to amphetamine. Together, these findings indicate that the
adolescent mesofrontal circuit is particularly susceptible to
phasic activity-induced structural and functional modification.
This adolescent plasticity may facilitate the normal experience-
dependent strengthening of frontal DA input and behavioral
control.
CONCLUSION
The series of studies described above suggest several regulatory
mechanisms in the emergence and consolidation of frontal
cortical neuronal ensembles. First, Arc expression is induced
in a behavioral task-specific manner, regulates persistent firing
of frontal cortical neurons, and predicts the consolidation of
neuronal ensembles during learning. Thus, the Arc pathway
presents a prototypical example of an activity-dependent genetic
feedback mechanism in the regulation of neuronal ensembles.
Second, the developmental emergence of activity-dependent Arc
expression depends on DA input, and the normal functioning
of frontal dopamine circuits in turn requires the Arc gene. This
mutual interaction suggests an auto-regulatory mechanism to
amplify the impact of neuromodulators and activity-regulated
genes during postnatal development. Third, the maturation
of the frontal DA circuit extends through adolescence and
is susceptible to activity-dependent modification during this
period. This developmental plasticity may help explain the
circuit deficits caused by genetic disruption of Arc pathway,
and suggest activity-guided therapeutic strategies to ameliorate
such deficits.
While this perspective article has focused on the role
of Arc in glutamatergic and DA signaling in frontal cortex
as a well-characterized model for activity-dependent genetic
feedback, recent studies have also provided exciting insights into
the functions of other IEGs in both excitatory and inhibitory
neuronal circuits (Leslie and Nedivi, 2011; Sun and Lin, 2016).
Particularly, it has been reported that neuronal activity induces
distinctive gene expression programs in excitatory and inhibitory
neurons (Spiegel et al., 2014; Mardinly et al., 2016). While
some of the early response genes, such as transcription factors
Npas4 and c-Fos, are similarly induced in both excitatory and
inhibitory neurons, late response genes show more divergence
between cell types. Through these late response genes, such as
secreted molecules PTX2 and BDNF (Huang et al., 1999; Chang
et al., 2010), activity-induced Npas4 can regulate synaptic input
to both types of neurons to maintain circuit wide homeostasis
(Spiegel et al., 2014).
Taken together, the basic logic governing the time evolution
of neuronal ensembles appears to feature a hierarchical
nesting of regulatory dynamics across multiple time scales
and biological levels, from fast fluctuations in neuronal firing
and neuromodulatory signaling to slow gene expression
and circuit connectivity changes (Figure 2D). The slower
processes in the hierarchy integrate the faster dynamics
and reach threshold for activation gradually. But once
activated, the effects of slower processes persist longer and
modulate the amplitude of the faster dynamics. Such an
interlinked construction of fast and slow feedback loops can
enable rapid response to environmental stimuli and robust
representation of experiential regularity (Brandman et al.,
2005; Izhikevich, 2007; Kiebel et al., 2008). In addition,
it appears that developmental stage will be an important
factor regulating the relative contributions of these processes.
Future studies to further elucidate the mechanistic details and
constraints in this model may help our understanding of the
intermediate circuit phenotypes linking psychiatric risks to
brain function, inspire the design of novel neuromodulatory
approaches through activity-guided ensemble manipulation,
and provide model experimental systems to test translational
strategies.
AUTHOR CONTRIBUTIONS
KHW, SM and VC wrote the article and generated the figures.
FUNDING
This work was supported by the National Institute of
Mental Health Division of Intramural Research Programs ZIA
MH002897.
Frontiers in Neural Circuits | www.frontiersin.org 7 December 2016 | Volume 10 | Article 100
Mastwal et al. Activity-Dependent Genetic Feedback in Circuits
ACKNOWLEDGMENTS
We thankM. Ren, Y. Ye, Q. Liu, M. Coon, W. Zhang, F. Manago,
F. Papaleo, D. Weinberger, K. Martinowich, C. Gerfen, H. Manji,
A. Elkahloun and R. Costa for their contributions to the
studies described in this perspective article. We apologize to
those colleagues whose work could not be cited due to space
limitations.
REFERENCES
Akil, H., Brenner, S., Kandel, E., Kendler, K. S., King, M.-C., Scolnick, E., et al.
(2010). Medicine. The future of psychiatric research: genomes and neural
circuits. Science 327, 1580–1581. doi: 10.1126/science.1188654
Angelakos, C. C., and Abel, T. (2015). Molecular genetic strategies in the study
of corticohippocampal circuits. Cold Spring Harb. Perspect. Biol. 7:a021725.
doi: 10.1101/cshperspect.a021725
Arguello, P. A., and Gogos, J. A. (2006). Modeling madness in mice: one piece at a
time. Neuron 52, 179–196. doi: 10.1016/j.neuron.2006.09.023
Bargmann, C. I., and Marder, E. (2013). From the connectome to brain function.
Nat. Methods 10, 483–490. doi: 10.1038/nmeth.2451
Barth, A. L. (2007). Visualizing circuits and systems using transgenic reporters of
neural activity. Curr. Opin. Neurobiol. 17, 567–571. doi: 10.1016/j.conb.2007.
10.003
Beier, K. T., Steinberg, E. E., DeLoach, K. E., Xie, S., Miyamichi, K., Schwarz, L.,
et al. (2015). Circuit architecture of VTA dopamine neurons revealed by
systematic input-output mapping. Cell 162, 622–634. doi: 10.1016/j.cell.2015.
07.015
Björklund, A., and Dunnett, S. B. (2007). Dopamine neuron systems in the brain:
an update. Trends Neurosci. 30, 194–202. doi: 10.1016/j.tins.2007.03.006
Bloomer, W. A., VanDongen, H. M., and VanDongen, A. M. (2008).
Arc/Arg3.1 translation is controlled by convergent N-methyl-D-aspartate and
Gs-coupled receptor signaling pathways. J. Biol. Chem. 283, 582–592. doi: 10.
1074/jbc.m702451200
Brandman, O., Ferrell, J. E. Jr., Li, R., and Meyer, T. (2005). Interlinked fast and
slow positive feedback loops drive reliable cell decisions. Science 310, 496–498.
doi: 10.1126/science.1113834
Buitrago, M. M., Schulz, J. B., Dichgans, J., and Luft, A. R. (2004). Short and
long-term motor skill learning in an accelerated rotarod training paradigm.
Neurobiol. Learn. Mem. 81, 211–216. doi: 10.1016/j.nlm.2004.01.001
Buzsáki, G., and Mizuseki, K. (2014). The log-dynamic brain: how skewed
distributions affect network operations. Nat. Rev. Neurosci. 15, 264–278.
doi: 10.1038/nrn3687
Cao, V. Y., Ye, Y., Mastwal, S. S., Lovinger, D. M., Costa, R. M., and Wang, K. H.
(2013). In vivo two-photon imaging of experience-dependent molecular
changes in cortical neurons. J. Vis. Exp. 71:e50148. doi: 10.3791/50148
Cao, V. Y., Ye, Y., Mastwal, S., Ren, M., Coon, M., Liu, Q., et al. (2015). Motor
learning consolidates Arc-expressing neuronal ensembles in secondary motor
cortex. Neuron 86, 1385–1392. doi: 10.1016/j.neuron.2015.05.022
Carr, D. B., and Sesack, S. R. (2000). Projections from the rat prefrontal cortex to
the ventral tegmental area: target specificity in the synaptic associations with
mesoaccumbens and mesocortical neurons. J. Neurosci. 20, 3864–3873.
Casey, B. J., Duhoux, S., and Malter Cohen, M. (2010). Adolescence: what do
transmission, transition and translation have to do with it?Neuron 67, 749–760.
doi: 10.1016/j.neuron.2010.08.033
Chambers, R. A., Taylor, J. R., and Potenza, M. N. (2003). Developmental
neurocircuitry of motivation in adolescence: a critical period of addiction
vulnerability. Am. J. Psychiatry 160, 1041–1052. doi: 10.1176/appi.ajp.160.6.
1041
Chang, M. C., Park, J. M., Pelkey, K. A., Grabenstatter, H. L., Xu, D., Linden, D. J.,
et al. (2010). Narp regulates homeostatic scaling of excitatory synapses on
parvalbumin-expressing interneurons. Nat. Neurosci. 13, 1090–1097. doi: 10.
1038/nn.2621
Chowdhury, S., Shepherd, J. D., Okuno, H., Lyford, G., Petralia, R. S., Plath, N.,
et al. (2006). Arc/Arg3.1 interacts with the endocytic machinery to regulate
AMPA receptor trafficking. Neuron 52, 445–459. doi: 10.1016/j.neuron.2006.
08.033
Costa, R. M., Cohen, D., and Nicolelis, M. A. (2004). Differential corticostriatal
plasticity during fast and slow motor skill learning in mice. Curr. Biol. 14,
1124–1134. doi: 10.1016/j.cub.2004.06.053
Dayan, E., and Cohen, L. G. (2011). Neuroplasticity subserving motor skill
learning. Neuron 72, 443–454. doi: 10.1016/j.neuron.2011.10.008
Deisseroth, K. (2014). Circuit dynamics of adaptive and maladaptive behaviour.
Nature 505, 309–317. doi: 10.1038/nature12982
Durstewitz, D., and Gabriel, T. (2007). Dynamical basis of irregular spiking in
NMDA-driven prefrontal cortex neurons. Cereb. Cortex 17, 894–908. doi: 10.
1093/cercor/bhk044
Farr, T. D., Liu, L., Colwell, K. L., Whishaw, I. Q., and Metz, G. A. (2006).
Bilateral alteration in stepping pattern after unilateral motor cortex injury: a
new test strategy for analysis of skilled limb movements in neurological mouse
models. J. Neurosci. Methods 153, 104–113. doi: 10.1016/j.jneumeth.2005.
10.011
Fosnaugh, J. S., Bhat, R. V., Yamagata, K., Worley, P. F., and Baraban, J. M.
(1995). Activation of arc, a putative ‘‘effector’’ immediate early gene, by cocaine
in rat brain. J. Neurochem. 64, 2377–2380. doi: 10.1046/j.1471-4159.1995. 640
52377.x
Fromer, M., Pocklington, A. J., Kavanagh, D. H., Williams, H. J., Dwyer, S.,
Gormley, P., et al. (2014). De novo mutations in schizophrenia implicate
synaptic networks. Nature 506, 179–184. doi: 10.1038/nature12929
Fuster, J. M. (2001). The prefrontal cortex—an update: time is of the essence.
Neuron 30, 319–333. doi: 10.1016/S0896-6273(01)00285-9
Gjorgjieva, J., Drion, G., and Marder, E. (2016). Computational implications of
biophysical diversity and multiple timescales in neurons and synapses for
circuit performance. Curr. Opin. Neurobiol. 37, 44–52. doi: 10.1016/j.conb.
2015.12.008
Greenberg, M. E., Ziff, E. B., and Greene, L. A. (1986). Stimulation of neuronal
acetylcholine receptors induces rapid gene transcription. Science 234, 80–83.
doi: 10.1126/science.3749894
Guillozet-Bongaarts, A. L., Hyde, T. M., Dalley, R. A., Hawrylycz, M. J., Henry, A.,
Hof, P. R., et al. (2014). Altered gene expression in the dorsolateral prefrontal
cortex of individuals with schizophrenia. Mol. Psychiatry 19, 478–485. doi: 10.
1038/mp.2013.30
Guzowski, J. F., McNaughton, B. L., Barnes, C. A., and Worley, P. F.
(1999). Environment-specific expression of the immediate-early gene Arc
in hippocampal neuronal ensembles. Nat. Neurosci. 2, 1120–1124. doi: 10.
1038/16046
Guzowski, J. F., Timlin, J. A., Roysam, B., McNaughton, B. L., Worley, P. F.,
and Barnes, C. A. (2005). Mapping behaviorally relevant neural circuits with
immediate-early gene expression. Curr. Opin. Neurobiol. 15, 599–606. doi: 10.
1016/j.conb.2005.08.018
Harris, K. D., and Shepherd, G. M. (2015). The neocortical circuit: themes and
variations. Nat. Neurosci. 18, 170–181. doi: 10.1038/nn.3917
Hayashi-Takagi, A., Yagishita, S., Nakamura, M., Shirai, F., Wu, Y. I.,
Loshbaugh, A. L., et al. (2015). Labelling and optical erasure of synaptic
memory traces in the motor cortex. Nature 525, 333–338. doi: 10.
1038/nature15257
Hebb, D. O. (1949). The Organization of Behavior: A Neuropsychological Theory
New York, NY: Wiley.
Howes, O. D., and Kapur, S. (2009). The dopamine hypothesis of schizophrenia:
version III—the final common pathway. Schizophr. Bull. 35, 549–562. doi: 10.
1093/schbul/sbp006
Hu, J., Sathanoori, M., Kochmar, S., Azage, M., Mann, S., Madan-Khetarpal, S.,
et al. (2015). A novel maternally inherited 8q24.3 and a rare paternally inherited
14q23.3 CNVs in a family with neurodevelopmental disorders. Am. J. Med.
Genet. A 167A, 1921–1926. doi: 10.1002/ajmg.a.37110
Huang, Z. J. (2014). Toward a genetic dissection of cortical circuits in the mouse.
Neuron 83, 1284–1302. doi: 10.1016/j.neuron.2014.08.041
Huang, Z. J., Kirkwood, A., Pizzorusso, T., Porciatti, V., Morales, B., Bear, M. F.,
et al. (1999). BDNF regulates the maturation of inhibition and the critical
period of plasticity inmouse visual cortex.Cell 98, 739–755. doi: 10.1016/s0092-
8674(00)81509-3
Frontiers in Neural Circuits | www.frontiersin.org 8 December 2016 | Volume 10 | Article 100
Mastwal et al. Activity-Dependent Genetic Feedback in Circuits
Huber, D., Gutnisky, D. A., Peron, S., O’Connor, D. H., Wiegert, J. S.,
Tian, L., et al. (2012). Multiple dynamic representations in the motor cortex
during sensorimotor learning. Nature 484, 473–478. doi: 10.1038/nature
11039
Huentelman, M. J., Muppana, L., Corneveaux, J. J., Dinu, V., Pruzin, J. J.,
Reiman, R., et al. (2015). Association of SNPs in EGR3 and ARC with
schizophrenia supports a biological pathway for schizophrenia risk. PLoS One
10:e0135076. doi: 10.1371/journal.pone.0135076
Insel, T. R. (2010). Rethinking schizophrenia. Nature 468, 187–193. doi: 10.
1038/nature09552
Izhikevich, E. M. (2007). Dynamical Systems in Neuroscience: The Geometry of
Excitability and Bursting. Cambridge, MA: MIT Press.
Jakkamsetti, V., Tsai, N.-P., Gross, C., Molinaro, G., Collins, K. A., Nicoletti, F.,
et al. (2013). Experience-induced Arc/Arg3.1 primes CA1 pyramidal
neurons for metabotropic glutamate receptor-dependent long-term synaptic
depression. Neuron 80, 72–79. doi: 10.1016/j.neuron.2013.07.020
Josselyn, S. A., Köhler, S., and Frankland, P. W. (2015). Finding the engram. Nat.
Rev. Neurosci. 16, 521–534. doi: 10.1038/nrn4000
Kalsbeek, A., Voorn, P., Buijs, R. M., Pool, C. W., and Uylings, H. B. (1988).
Development of the dopaminergic innervation in the prefrontal cortex of the
rat. J. Comp. Neurol. 269, 58–72. doi: 10.1002/cne.902690105
Kiebel, S. J., Daunizeau, J., and Friston, K. J. (2008). A hierarchy of time-scales
and the brain. PLoS Comput. Biol. 4:e1000209. doi: 10.1371/journal.pcbi.10
00209
Kirov, G., Pocklington, A. J., Holmans, P., Ivanov, D., Ikeda, M., Ruderfer, D., et al.
(2012).De novo CNV analysis implicates specific abnormalities of postsynaptic
signalling complexes in the pathogenesis of schizophrenia. Mol. Psychiatry 17,
142–153. doi: 10.1038/mp.2011.154
Krystal, J. H., and State, M. W. (2014). Psychiatric disorders: diagnosis to therapy.
Cell 157, 201–214. doi: 10.1016/j.cell.2014.02.042
Leslie, J. H., and Nedivi, E. (2011). Activity-regulated genes as mediators of neural
circuit plasticity. Prog. Neurobiol. 94, 223–237. doi: 10.1016/j.pneurobio.2011.
05.002
Link, W., Konietzko, U., Kauselmann, G., Krug, M., Schwanke, B., Frey, U., et al.
(1995). Somatodendritic expression of an immediate early gene is regulated by
synaptic activity. Proc. Natl. Acad. Sci. U S A 92, 5734–5738. doi: 10.1073/pnas.
92.12.5734
Luna, B., Marek, S., Larsen, B., Tervo-Clemmens, B., and Chahal, R. (2015). An
integrative model of the maturation of cognitive control. Annu. Rev. Neurosci.
38, 151–170. doi: 10.1146/annurev-neuro-071714-034054
Lyford, G. L., Yamagata, K., Kaufmann, W. E., Barnes, C. A., Sanders, L. K.,
Copeland, N. G., et al. (1995). Arc, a growth-factor and activity-regulated gene,
encodes a novel cytoskeleton-associated protein that is enriched in neuronal
dendrites. Neuron 14, 433–445. doi: 10.1016/0896-6273(95)90299-6
Managò, F., Mereu, M., Mastwal, S., Mastrogiacomo, R., Scheggia, D.,
Emanuele, M., et al. (2016). Genetic disruption of Arc/Arg3.1 in mice
causes alterations in dopamine and neurobehavioral phenotypes related to
schizophrenia. Cell Rep. 16, 2116–2128. doi: 10.1016/j.celrep.2016.07.044
Mardinly, A. R., Spiegel, I., Patrizi, A., Centofante, E., Bazinet, J. E., Tzeng, C. P.,
et al. (2016). Sensory experience regulates cortical inhibition by inducing
IGF1 in VIP neurons. Nature 531, 371–375. doi: 10.1038/nature17187
Mastwal, S., Ye, Y., Ren, M., Jimenez, D. V., Martinowich, K., Gerfen, C. R., et al.
(2014). Phasic dopamine neuron activity elicits unique mesofrontal plasticity
in adolescence. J. Neurosci. 34, 9484–9496. doi: 10.1523/JNEUROSCI.1114-14.
2014
McCurry, C. L., Shepherd, J. D., Tropea, D., Wang, K. H., Bear, M. F., and Sur, M.
(2010). Loss of Arc renders the visual cortex impervious to the effects of
sensory experience or deprivation. Nat. Neurosci. 13, 450–457. doi: 10.1038/
nn.2508
Mullins, C., Fishell, G., and Tsien, R. W. (2016). Unifying views of autism
spectrum disorders: a consideration of autoregulatory feedback loops. Neuron
89, 1131–1156. doi: 10.1016/j.neuron.2016.02.017
Naneix, F., Marchand, A. R., Di Scala, G., Pape, J.-R., and Coutureau, E. (2012).
Parallel maturation of goal-directed behavior and dopaminergic systems
during adolescence. J. Neurosci. 32, 16223–16232. doi: 10.1523/JNEUROSCI.
3080-12.2012
Nicolelis, M. A., and Lebedev, M. A. (2009). Principles of neural ensemble
physiology underlying the operation of brain-machine interfaces. Nat. Rev.
Neurosci. 10, 530–540. doi: 10.1038/nrn2653
Oh, S. W., Harris, J. A., Ng, L., Winslow, B., Cain, N., Mihalas, S., et al. (2014).
A mesoscale connectome of the mouse brain. Nature 508, 207–214. doi: 10.
1038/nature13186
Pei, Q., Lewis, L., Sprakes, M. E., Jones, E. J., Grahame-Smith, D. G.,
and Zetterstrom, T. S. C. (2000). Serotonergic regulation of mRNA
expression of Arc, an immediate early gene selectively localized at neuronal
dendrites. Neuropharmacology 39, 463–470. doi: 10.1016/s0028-3908(99)
00148-3
Peters, A. J., Chen, S. X., and Komiyama, T. (2014). Emergence of reproducible
spatiotemporal activity during motor learning. Nature 510, 263–267. doi: 10.
1038/nature13235
Purcell, S. M., Moran, J. L., Fromer, M., Ruderfer, D., Solovieff, N., Roussos, P.,
et al. (2014). A polygenic burden of rare disruptive mutations in schizophrenia.
Nature 506, 185–190. doi: 10.1038/nature12975
Ren, M., Cao, V., Ye, Y., Manji, H. K., and Wang, K. H. (2014). Arc regulates
experience-dependent persistent firing patterns in frontal cortex. J. Neurosci.
34, 6583–6595. doi: 10.1523/JNEUROSCI.0167-14.2014
Rial Verde, E. M., Lee-Osbourne, J., Worley, P. F., Malinow, R., and Cline, H. T.
(2006). Increased expression of the immediate-early gene arc/arg3.1 reduces
AMPA receptor-mediated synaptic transmission. Neuron 52, 461–474. doi: 10.
1016/j.neuron.2006.09.031
Robbins, T. W., and Arnsten, A. F. (2009). The neuropsychopharmacology of
fronto-executive function: monoaminergic modulation. Annu. Rev. Neurosci.
32, 267–287. doi: 10.1146/annurev.neuro.051508.135535
Rolls, E. T., Loh, M., Deco, G., and Winterer, G. (2008). Computational models
of schizophrenia and dopamine modulation in the prefrontal cortex. Nat. Rev.
Neurosci. 9, 696–709. doi: 10.1038/nrn2462
Rothwell, P. E., Fuccillo, M. V., Maxeiner, S., Hayton, S. J., Gokce, O., Lim, B. K.,
et al. (2014). Autism-associated neuroligin-3 mutations commonly impair
striatal circuits to boost repetitive behaviors. Cell 158, 198–212. doi: 10.1016/j.
cell.2014.04.045
Sanders, J. D., Happe, H. K., Bylund, D. B., and Murrin, L. C. (2008). Differential
effects of neonatal norepinephrine lesions on immediate early gene expression
in developing and adult rat brain. Neuroscience 157, 821–832. doi: 10.1016/j.
neuroscience.2008.09.036
Seamans, J. K., and Yang, C. R. (2004). The principal features and mechanisms
of dopamine modulation in the prefrontal cortex. Prog. Neurobiol. 74, 1–58.
doi: 10.1016/j.pneurobio.2004.05.006
Shepherd, J. D., and Bear, M. F. (2011). New views of Arc, a master
regulator of synaptic plasticity. Nat. Neurosci. 14, 279–284. doi: 10.1038/
nn.2708
Shepherd, J. D., Rumbaugh, G., Wu, J., Chowdhury, S., Plath, N., Kuhl, D., et al.
(2006). Arc/Arg3.1 mediates homeostatic synaptic scaling of AMPA receptors.
Neuron 52, 475–484. doi: 10.1016/j.neuron.2006.08.034
Shmuelof, L., and Krakauer, J. W. (2011). Are we ready for a natural
history of motor learning? Neuron 72, 469–476. doi: 10.1016/j.neuron.2011.
10.017
Slifstein, M., van de Giessen, E., Van Snellenberg, J., Thompson, J. L.,
Narendran, R., Gil, R., et al. (2015). Deficits in prefrontal cortical
and extrastriatal dopamine release in schizophrenia: a positron emission
tomographic functional magnetic resonance imaging study. JAMA Psychiatry
72, 316–324. doi: 10.1001/jamapsychiatry.2014.2414
Soulé, J., Alme, M., Myrum, C., Schubert, M., Kanhema, T., and Bramham, C. R.
(2012). Balancing Arc synthesis, mRNA decay and proteasomal degradation:
maximal protein expression triggered by rapid eye movement sleep-like
bursts of muscarinic cholinergic receptor stimulation. J. Biol. Chem. 287,
22354–22366. doi: 10.1074/jbc.M112.376491
Spiegel, I., Mardinly, A. R., Gabel, H. W., Bazinet, J. E., Couch, C. H., Tzeng, C. P.,
et al. (2014). Npas4 regulates excitatory-inhibitory balance within neural
circuits through cell-type-specific gene programs. Cell 157, 1216–1229. doi: 10.
1016/j.cell.2014.03.058
Stewart, C. V., and Plenz, D. (2006). Inverted-U profile of dopamine-NMDA-
mediated spontaneous avalanche recurrence in superficial layers of rat
prefrontal cortex. J. Neurosci. 26, 8148–8159. doi: 10.1523/JNEUROSCI.0723-
06.2006
Sun, X., and Lin, Y. (2016). Npas4: linking neuronal activity to memory. Trends
Neurosci. 39, 264–275. doi: 10.1016/j.tins.2016.02.003
Sur, M., and Rubenstein, J. L. (2005). Patterning and plasticity of the cerebral
cortex. Science 310, 805–810. doi: 10.1126/science.1112070
Frontiers in Neural Circuits | www.frontiersin.org 9 December 2016 | Volume 10 | Article 100
Mastwal et al. Activity-Dependent Genetic Feedback in Circuits
Takesian, A. E., and Hensch, T. K. (2013). Balancing plasticity/stability across
brain development. Prog. Brain Res. 207, 3–34. doi: 10.1016/b978-0-444-63327-
9.00001-1
Tonegawa, S., Liu, X., Ramirez, S., and Redondo, R. (2015). Memory engram
cells have come of age. Neuron 87, 918–931. doi: 10.1016/j.neuron.2015.
08.002
Tritsch, N. X., and Sabatini, B. L. (2012). Dopaminergic modulation of synaptic
transmission in cortex and striatum. Neuron 76, 33–50. doi: 10.1016/j.neuron.
2012.09.023
Tseng, K. Y., and O’Donnell, P. (2005). Post-pubertal emergence of prefrontal
cortical up states induced by D1-NMDA co-activation.Cereb. Cortex 15, 49–57.
doi: 10.1093/cercor/bhh107
Van De Werd, H. J., Rajkowska, G., Evers, P., and Uylings, H. B. (2010).
Cytoarchitectonic and chemoarchitectonic characterization of the prefrontal
cortical areas in the mouse. Brain Struct. Funct. 214, 339–353. doi: 10.
1007/s00429-010-0247-z
Vazdarjanova, A., Ramirez-Amaya, V., Insel, N., Plummer, T. K., Rosi, S.,
Chowdhury, S., et al. (2006). Spatial exploration induces ARC, a plasticity-
related immediate-early gene, only in calcium/calmodulin-dependent protein
kinase II-positive principal excitatory and inhibitory neurons of the rat
forebrain. J. Comp. Neurol. 498, 317–329. doi: 10.1002/cne.21003
Verney, C., Berger, B., Adrien, J., Vigny, A., and Gay, M. (1982). Development of
the dopaminergic innervation of the rat cerebral cortex. A light microscopic
immunocytochemical study using anti-tyrosine hydroxylase antibodies. Brain
Res. 281, 41–52. doi: 10.1016/0165-3806(82)90111-0
Waltereit, R., Dammermann, B., Wulff, P., Scafidi, J., Staubli, U., Kauselmann, G.,
et al. (2001). Arg3.1/Arc mRNA induction by Ca2+ and cAMP requires protein
kinase A and mitogen-activated protein kinase/extracellular regulated kinase
activation. J. Neurosci. 21, 5484–5493.
Wang, K. H., Majewska, A., Schummers, J., Farley, B., Hu, C., Sur, M., et al. (2006).
in vivo two-photon imaging reveals a role of arc in enhancing orientation
specificity in visual cortex. Cell 126, 389–402. doi: 10.1016/j.cell.2006.06.038
Watabe-Uchida, M., Zhu, L., Ogawa, S. K., Vamanrao, A., and Uchida, N. (2012).
Whole-brain mapping of direct inputs to midbrain dopamine neurons.Neuron
74, 858–873. doi: 10.1016/j.neuron.2012.03.017
Winterer, G., and Weinberger, D. R. (2004). Genes, dopamine and cortical signal-
to-noise ratio in schizophrenia. Trends Neurosci. 27, 683–690. doi: 10.1016/j.
tins.2004.08.002
Wise, S. P. (2008). Forward frontal fields: phylogeny and fundamental function.
Trends Neurosci. 31, 599–608. doi: 10.1016/j.tins.2008.08.008
Ye, Y., Mastwal, S., Cao, V. Y., Ren, M., Liu, Q., Zhang, W., et al. (2016).
Dopamine is required for activity-dependent amplification of arc mRNA in
developing postnatal frontal cortex. Cereb. Cortex doi: 10.1093/cercor/bhw181
[Epub ahead of print].
Zhang, W., Wu, J., Ward, M. D., Yang, S., Chuang, Y. A., Xiao, M., et al. (2015).
Structural basis of arc binding to synaptic proteins: implications for cognitive
disease. Neuron 86, 490–500. doi: 10.1016/j.neuron.2015.03.030
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016Mastwal, Cao andWang. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution and reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Neural Circuits | www.frontiersin.org 10 December 2016 | Volume 10 | Article 100
